An algorithm is presented which allows the calibration of three-dimensional eye movements in two magnetic fields with two search-coils in one eye, whose relative orientation does not have to be known. Prior to recordings a calibration cube is placed in front of the eye to measure real and apparent crosstalk, produced by imprecisely oriented horizontal or vertical magnetic fields, and to obtain a first approximation of offset voltages. For calibration it suffices if one point is fixated and, in addition, spontaneous eye movements for 30--60 sec are performed. Additional fixation points can be used to improve the calibration. Position quaternions are applied for computing eye movement recordings from man and monkey and to determine Listing's plane.
INTRODUCTION
The magnetic search-coil technique introduced by Robinson (1963) , has proven to be one of the most precise methods with a high resolution and a large dynamic range for measuring eye position (Becker, 1989) . Generally the method is used with one coil to measure horizontal and vertical eye position. By applying a dual-search-coil it is also possible to measure eye position in three dimensions, including torsional eye movements (Robinson, 1963) . For human subjects a special contact lens was developed containing a conventional and a figure-eight shaped coil with fixed geometrical relations (Collewijn, Van der Steen, Ferman & Jansen, 1985) . A similar arrangement has also been developed for use in animals (Hess, 1990) .
The precision of eye position measurements depends on exact calibration. For the vertical and horizontal eye position this can be done in human subjects and trained animals by fixating defined targets. This approach cannot be used for torsional eye movements, since voluntary torsional fixations cannot be performed. If the orientations of the two coils relative to each other are fixed and the magnetic fields do not change when the subject is introduced into the fields, an in vitro calibration can be performed and the torsional components can be deduced from in vivo measurements using the output signals during visual fixation of vertical targets (Collewijn et al., 1985; Hess, van Opstal, Straumann & Hepp, 1992) .
However, this method cannot be used if the two coils are fixed independently to the eyeball and the precise angle between the two coils in vivo is not known. We will describe an algorithm to calibrate three-dimensional (3D) eye movements, which depends on in vivo measurement of spontaneous eye movements and estimation of the local magnetic fields by a special calibration cube. It also has the advantage of not depending on the fixation of multiple visual targets, which makes the method suitable for non-cooperating subjects or patients and untrained animals. In the developed calibration routine it suffices if the subject or animal looks around spontaneously for 30-60 sec. Only the straight ahead eye position has to be defined (by fixation). The precision can be further improved if the values for a number of vertical and horizontal fixation points are included in the calibration routine.
Crosstalk between the measurement channels or apparent crosstalk, produced by not exactly horizontal 998 K. BARTL et al. or vertical magnetic fields, and an approximation to the offset voltages are measured with a special calibration cube. The offset voltages are measured by a short circuit section in the calibration cube. They are only an approximation to the real offset voltages that appear in the recording coils. They serve as start values for a numerical optimization routine, which calculates the real offset voltages. To avoid inaccuracies due to interference of the magnetic fields with the subject or experimental devices, the cube measurement is performed in situ, with the subject's head and the necessary devices in place at the experimental site.
METHODS

General experimental setup
2.1.1. Monkey experiments. Two monkeys (Macaca mulatta) were prepared for chronic experiments. Bolts were attached to the skull in order to secure the head during experiments. During the experiments the monkeys sat with their heads erect, i.e., in the horizontal stereotaxic plane in a primate chair. The monkeys were trained to fixate or follow small visual targets. A small laserspot (0.2 deg) was projected onto a wall at a distance of 58 cm. For eye position recordings two coils were attached to the eyeball, using the method of Judge, Richmond and Chu (1980) . One coil was inserted around the cornea (frontal coil, dia ~ 17 mm), the other coil between the insertions of the lateral and superior rectus muscle (lateral coil, dia ,~ 6 mm).
Eye movements were recorded with a commercially available two-field search-coil system (Skalar 3020 eye position meter). It generates two quadrature modulated alternating magnetic fields which are approximately spatially perpendicular to each other. During the experiments the head of the animal was at the center of a cube (31 cm side length), which contained the rectangular coils for generating the primary magnetic field. The horizontal and vertical output signals of the frontal and lateral coil were digitized with a 12-bit AD converter (DAP 1200) at a sampling rate of 200 Hz and further processed in a laboratory computer (PC 486, 50 MHz) .
In vivo measurements were performed after the calibration procedure (see below) under the following conditions:
Spontaneous and visually guided eye movements.
The trained monkeys fixated the straight ahead eye position (midposition). They were then encouraged to perform spontaneous eye movements in all horizontal and vertical directions up to 30--40 deg off midposition for 30-60 sec. From these values the coil sensitivities were calculated (see section 2.2). The monkey then performed visually guided saccades to targets placed at 5 deg intervals up to 4-20 deg in the horizontal and vertical direction including oblique directions. recorded. For dynamic torsional eye movements the monkey moved sinusoidally in the roll plane at 0.6 Hz, + 15 deg. The torsional VOR was measured in the light and dark.
Human experiments. For human experiments a
Skalar eye position meter of the same type was used. The side length of the cube for the generating coils was 70 cm. For stable head position the chin rested on a chin rest and the forehead pressed against a plastic strap. A commercially available silicon annulus containing a standard and cyclo-rotational induction coil based on the development by Collewijn et al. (1985) was applied for eye position recordings. The visual target (small laser spot, 0.2 deg) was 120 cm from the eye. Subjects were asked to look at defined vertical and horizontal eye positions at 5 deg intervals up to 4-20 deg, as in the procedure for monkeys described above.
2.1.3.
In vitro experiments. For comparison and more extended measurements, in vitro experiments with an artificial eye were also performed. Two search-coils (frontal and lateral), which were intentionally not exactly perpendicular, and a laser point were attached to the eye. The eye could be moved to all positions, including quarternary, with a gimbal system.
Calibration procedure
The calibration procedure requires two essential steps: (1) measurement of the magnetic field by a calibration cube; and (2) calibration with spontaneous eye movements; to further improve the calibration; fixation of several targets can be used optionally (3).
2.2.1.
Step 1: Measurement of the magnetic fields. The 3D EYE MOVEMENT CALIBRATION 999 magnetic fields near the eye are measured with a special calibration cube (Fig. 1 ). This cube contains three exactly orthogonal calibration coils to measure the three spatial components of each magnetic field and a short circuit section to measure the offset voltages. To consider changes of the fields by the introduction of the subject or experimental devices, the cube measurement is done with the monkey's or subject's head and the necessary devices for the experiment in situ, with the calibration cube being positioned as close as possible to the eye.
Thereby, crosstalk between the measurement channels, apparent crosstalk produced by magnetic fields, which are not exactly horizontal or vertical, and an approximation to the offset voltages are estimated. The cube offset voltages serve as starting values for the numerical optimization routine, which calculates the real offset voltages appearing in the measurement coils.
The orientation of the cube defines the coordinate system of the measured eye position. Therefore, exact positioning of the cube is very important. To ensure simple interpretation of the measured data, the cube's axes must coincide with the coordinate system of the external stimuli.
2.2.2.
Step 2: Calibration of the eye position with spontaneous eye movements. When the cube calibration is done, the subject or monkey performs spontaneous eye movements over the whole oculomotor range for 30-60 sec. With these online recorded data, it is possible to calculate the gains of the measurement coils in the eye and the angle ~o between the frontal and the lateral coil ( Fig. 1 ) by a numerical optimization procedure. With a similar procedure one can improve the values of the offset voltages. Finally, the straight ahead eye position has to be defined as reference position. For this, the subject or monkey has to fixate the zero-point once.
2.2.3.
Step 3: Calibration with several fixation points. When the subject or monkey is able to fixate given targets with an error < 0.3 deg, it is possible to improve the calibration parameters with a modified optimization procedure. In this case, the subject has to fixate a number of given targets in the whole oculomotor range. Only if there are enough fixation points over a wide range can one distinguish between the influences of offset voltages and the non-zero-position of the coils. Non-zero-position means that the normal vector of the frontal coil does not point straight forward in the zero-position of the eye. In practice, we obtained good results by fixating 9 horizontal and 9 vertical targets (from -20 to 20 deg in steps of 5 deg). The modified optimization procedure minimizes the deviations of the measured eye positions from the given target position.
The parameters received from Step 1 and 2 (or 1, 2 and 3) of the calibration procedure are used to measure eye movements with consideration of crosstalk, non-orthogonalities of the magnetic fields, non-orthogonality of the measurement coils and offset voltages.
Convention for describing eye movements
Eye positions are expressed in a right-handed Cartesian coordinate system. The x-axis points straight ahead, the y-axis to the left and the z-axis to the top (Haustein, 1989) . With this system, positive torsion (around the xaxis) indicates extorsion (upper pole of the eye rotates away from the nose) of the right eye and intorsion (upper pole of the eye rotates toward the nose) of the left eye.
Positive rotation around the y-axis indicates a downward movement, whereas positive rotation around the z-axis indicates movement to the left. The eye positions are expressed with quaternions (Tweed & Vilis, 1987) . In the figures and tables, the components of the quaternions qx, qy and qz were expressed in degrees to give a more intuitive impression of the eye positions:
where ~ is the torsional, fl is the vertical and y is the horizontal component of the eye position. Hence, a quaternion amplitude of 0.26 corresponds to a rotation of approximately 30 deg. Listing's plane and the primary position are determined by a procedure which computes a plane of best fit to all measured eye positions quaternion vectors. To express the eye positions relative to the primary position, the corresponding quaternions are (left-) multiplied with the inverse of the primary position quaternion (Tweed, Cadera & Vilis, 1990 ). In the upright head position Listing's plane was rotated to coincide with the y-z plane (Fig. 2) .
Quaternion representation of eye position was chosen because of its convenience for representing Listing's plane and to avoid misinterpretation of the torsional component which may occur in other coordinate systems, such as Fick or Helmholtz representation ("false torsion"; van Opstal, 1993).
MATHEMATICAL DESCRIPTION OF MEASUREMENT AND CALIBRATION
The principle of measurement
In order to measure the eye position in three dimensions, two tightly bound induction coils C1 (frontal coil) and C2 (lateral coil) are placed in two magnetic fields HH (horizontal) and Hv (vertical), which are quadrature modulated and spatially oriented approximately perpendicularly. By means of demodulation, the voltage induced by the horizontal field can be separated from that induced by the vertical field, giving at coil 1 the values Um and Ulv, and at coil 2 the values U2H and U2v (Fig. 1) .
The primary magnetic fields HI~ and Hv generate eddy currents in conductive surfaces, which in return generate magnetic fields He,. These generated fields superimpose on the primary fields. The quadrature demodulators detect the voltages which are in phase with an internal reference voltage (Fig. 1) .
According to the laws of induction and superimposition the output voltage of one demodulator is
where:
• c is the unit vector perpendicular to the surface of the recording coil;
• o is the DC offset (voltages induced into stationary supply cables);
• gH, gv, gei depend on the surface area of the measurement coil and the phase difference between each magnetic field and the reference voltage in the demodulator;
• I--IH, fill, ~Iei are time-invariant vectors of field magnitudes pointing in the directions of the primary and secondary magnetic fields.
In Eqn (2), a linear relationship between the voltage induced into the recording coil and the demodulator output is assumed. This assumption, although not reflecting possible non-linearities induced for example by misadjustment of the demodulator phase, is validated by the small calibration errors found (see Results).
Rearranging Eqn (2) we obtain
Uo = c'(gn " ~tn + gv " [tv + ~-~ige" ~-Iei) + (3)
Adding up the expressions in the brackets yields
By normalization of Hsum, one gets a unit vector Heft, which is parallel to the effective magnetic field sensed by the demodulator. An effective gain can be calculated from the equation
With these definitions, Eqn (3) becomes
getf depends on the magnitude of the effective magnetic field, on the enclosed area of the recording coil and on the phase difference between the effective magnetic field and the reference voltage. The phase of every demodulator reference voltage can be adjusted separately in the Skalar 3020. In addition, there may also be different phase shiftings in each supply cable. Thus, the gain factors gH, gv, ge, are different for each demodulator channel. Therefore, it is necessary to introduce effective magnetic fields for each demodulator channel separately. These fields are named:
• H1H (unit vector along the effective horizontal field for the frontal coil);
• Hlv (unit vector along the effective vertical field for thefrontal coil); • H2n (unit vector along the effective horizontal field for thelateral coil); • H2v (unit vector along the effective vertical field for the lateral coil).
Given two unit vectors, cl and c'2, oriented perpendicularly to the planes of the two coils one gets the following output voltages:
The indexes [-q~ff are omitted in these equations, but the introduced variables express effective gains and magnetic fields as described in Eqn (6). If the sensitivities g.., the offsetvoltages, the directions of the magnetic fields HH and Hv as well as the angle between both measurement coils tp are known, the vectors cl and c2 can be calculated directly from the measured voltages.
Calculation of ~ = Cly • Clz
The coordinate system used here is defined in Fig. 1 . The x-component of the vector Cl is always positive (one cannot look backward). Therefore, in order to calculate this vector, one has to solve the equation system c1" Hl11 -gm |
cl Hlv glv
such that Clx > 0.
Calculation of Cl = C2y • LCz~J
The angle between both coils tp is regarded as constant. The cosine of this angle equals the scalar product of Cl and c2-As a result, one gets the linear equation system:
. v_ vO2V / -l=k=cos / This equation system can be solved after calculating c~ from Eqn (8). 
Thus, [R] is given by Tweed et al., 1990) .
The rotation matrix can now be transformed into other coordinates, such as quaternions, Fick-or Helmholtzcoordinates (Ferman, Collewijn, Jansen & Van den Berg, 1987; Tweed et al., 1990; Bartl, 1993 In order to minimize the measurement inaccuracies caused by the field inhomogeneities, the calibration cube measurement must be performed as close as possible to the eye of the test subject (Fig. 1) . The x-, y-and zoriented coils and the short circuit section of the cube are measured with each demodulator channel separately.
When the first demodulator receives input from the short circuit section of the calibration cube, its output voltage is the offset associated with the demodulator (when driven by the calibration cube):
When this same demodulator is driven, in turn, by the x-, y-and z-coils of the cube, its outputs are With x -coil : UIHx = alH "Hmx + om~u When the demodulators receive input from the recording coils instead of the calibration cube, the offsets will usually deviate from the cube offsets and the gains will normally be completely different, but they can be computed as described below.
Measurement of coil sensitivities and the coil angle.
The fact that the angle tp between both recording coils in the eye remains constant to a good approximation for all eye positions is a useful constraint that can be employed in calculating coil sensitivities. The coil angle <p is calculated from the normal vectors c~ and 52 using the scalar product:
In order to calibrate the sensitivities g.., the measurement voltages U. are stored for a series of eye positions (approximately 500-1000) in the whole oculomotor range while the subject is spontaneously looking around (30-60 sec). By means of a numerical minimization procedure (e.g. the Broyden-Fletcher-Goldfarb-Shanno algorithm; Press, Flannery, Teukolsky & Vetterling, 1989 ) the sensitivities g.. and the coil angle ~o are calculated from these voltages so that the measured coil angle tPmeas resulting from Eqns (7), (8), (9) and Eq. (12) remains on average as constant as possible:
(qOmeas -qa) 2 = min.
In a first step, the gains gin, glv, g2H, g2v and the angle tp are calculated while leaving the offsets at their starting values Olr~, olv,~, O2H~,, O2V~. To reduce the number of free parameters, the fact is used that the ratio between horizontal and vertical gain of a coil only depends on the magnetic field and not on the surface of the coil. Therefore, the ratios for the recording coils are the same as for the cube coils:
glv aln g2v a2H
Taking into consideration this equation, glv and gEv can be eliminated from Eqn (7) Eqn (8) Eqn (9), so that there are only three free parameters (gln, gEn and q~) in the minimization procedure. For good convergence of the numerical procedure, starting values for the unknown variables g.. and tp must be calculated (see the Appendix). The offset values o for this step are taken from the cube calibration.
Starting values close to the final parameters are also necessary to avoid convergence to the trivial solution of Eqn (13), in which all gain values converge to zero.
Improvement of the offset voltages. The offset voltages
, measured with the calibration cube, are only an approximation to the values for the recording coils. Therefore, they are improved by again minimizing the average deviation of the coil angle Eq. (13), but this time with the offset voltages being the free variables. The offsets from the cube calibration are close enough to the final values to serve as starting values for the minimization algorithm. For the data presented below, changing the starting values for the offset by up to 18 deg leads to the same optimized results, whidr: proves the stability of the iteration procedure with resp~& to,errors in the initial ~ values.
~.
Calibration with fixation points.
To consider several fixation points, the minimization routine in its main characteristics remains the same. But the expression, which has to be minimized, is slightly modified:
(1 -w). )--~(q0meas --qO) 2 + W" E I gmeas --g 12 = min, where g is the given and gmeas the measured gaze vector. w is a parameter that determines the relative importance of coil angle vs gaze direction in the calibration; e.g. if w = 0 then the calibration runs as in Eq. (13), ignoring g and striving only to keep q~ as constant as possible; if w = 1 then only g matters and q~ plays no role. In the results below w is set at 0.5.
RESULTS
In vitro experiments (artificial eye) 4.1.1. "Spontaneous' and defined eye movements.
To assess the capabilities of the calibration procedure, an artificial eye with an integrated laser pointer representing gaze direction was used. By means of the laser pointer, the artificial eye was adjusted with an accuracy of about 0.1 deg to 81 different positions, which were composed of a 9 x 9 grid of horizontal and vertical targets from -20 to 20 deg in steps of 5 deg (Fick coordinates). For torsional positions the laser was rotated 90 deg around the vertical(z) axis, which led to a similar grid of horizontal and torsional positions. Calibration was done using the procedures described above. Two sets of calibration parameters were computed, one using only "spontaneous eye movements", i.e., using only the 0 deg fixation for calibration, the other by including several known horizontal and vertical fixation points. The computed eye positions for both sets of parameters were compared to the adjusted eye positions (Table 1) . Table  1shows that additional fixation points have only a slight effect on the average and maximal error for the artificial eye. To examine whether the number of fixation points can be reduced, the calibration was also done with vertical fixation points only. However, the average error for this calibration increased significantly compared to the "spontaneous eye movements" calibration. The offsets changed only slightly after the numerical minimization procedure (Table 2) Table 1 ) with and without offset correction revealed no significant differences for measurements with the artificial eye. surface present showed that the non-orthogonality of the fields was compensated by the measuring method.
Introduction of metal
In vivo experiments 4.2.1. Monkey experiments. 4.2.1.1. Visually guided eye movements.
The eye positions calculated with the parameters derived from the calibration procedure were compared with the target positions presented on a front•parallel screen in horizontal, vertical and oblique (tertiary) directions. The error between the calculated eye position ("fixation" or "spontaneous" calibration) and the target position is shown in Table 1 . Average errors ranged between 3 and 5%. Maximal errors were < 2 deg or 10%. Absolute errors increased with larger deviation from the central fixation point. There was no systematic difference of errors between oblique (tertiary) and vertical or horizontal eye positions. Calibration with several fixation points ("fixation") improved only slightly the average TABLE 2. Offset values for one experiment transformed in degree for the horizontal (H), vertical (V) and torsional (I') signal for the artificial eye, man and monkey obtained with the calibration cube and after the numerical minimization; note that values before and after the numerical minimization differ up to 5 deg values compared to the accuracy of the "spontaneous eye movement" calibration (Table 1) . However, maximal errors were reduced by up to 0.6 deg. Offsets obtained with the calibration cube changed up to 5 deg after the numerical minimization (Table 2) . Consequently, calibration without offset-consideration gave large errors. To prove the importance of the calibration cube being positioned as close as possible to the eye, measurements were repeated with the calibration cube being up to 5 cm out of this ideal position. With the field-generating frame (sidelength 31 cm) being used here, the directions of the measured magnetic fields deviated up to 3 deg. When these "false" magnetic fields are used to compute eye positions as described above, a crosstalk between the vertical and the horizontal channel of tan(5 deg) = 5.2% appears, e.g. when the subject looks 10 deg upward but horizontally in the midposition, the measurement shows a horizontal deviation of 0.52 deg. (Fig. 2) . The primary position generally did not coincide with the midposition of the eye and could be off the midposition by up to 25 deg, usually downward from the straight ahead position. The width of Listing's plane (as estimated by the standard deviation, SD) ranged from 0.61 to 1.23 deg.
Static tilt.
After calibration and eye movement recordings in the upright position the monkey was tilted 15-20 deg in the roll plane in the positive and negative direction. Spontaneous eye movements in the light and dark were measured in both positions. Static tilt induces a counter-roll of the eyes, which manifests itself in a shift of Listing's plane (Fig. 3) . This shift ranged from 1 to 2 deg for the applied tilt, which is within the range of similar experiments in the monkey applying a different calibration method (Haslwanter, Straumann, Hess & Henn, 1992 (Collewijn et al., 1985; Bello, Paige & Highstein, 1991) .
Human experiments. 4.2.2.1. Visually guided eye movements.
For the human experiments, standard Skalar annuli were used which are supposed to have a coil angle of tp = 90 deg. The coil angles derived from our calibration routine were found to be in the range 86-92 deg.
Calibration was validated by fixating a grid of targets (horizontal and vertical range --20-20 deg in steps of 5 deg). As with the artificial eye (see Section 4.1.1.) two calibration parameter sets were evaluated, one using only spontaneous eye movements, the other included several target fixations. The computed eye positions were compared to the targets (Table 1) . Any errors increased with larger deviations from the central fixation point. As in the monkey, errors for oblique (tertiary) eye positions were similar to those for vertical and horizontal eye positions. Also maximal errors were < 2 deg or 10%.
Offset values from the calibration cube as a first approximation were different from the real values after the numerical minimization ( Table 2 ). The same parameter sets were evaluated without iteration of the offset values. In this case, average errors for both fixation and spontaneous calibration were twice as large as those shown in Table 1 . This points to the importance of the offset correction procedure during calibration and shows that the offsets derived from the cube calibration are not sufficiently good estimates for the offset values for the human coil.
DISCUSSION
Methodological considerations
For the calibration of three dimensional eye movements with the search-coil system used, nine free variables (four gain values, four offset values and the angle tp between the search-coils) and the directions of both magnetic fields have to be determined. Measuring the output voltages of the search-coil system per se is not sufficient to determine the position of the eye in space.
In the past, this problem has been solved in different ways. By in vitro calibration of the coils the gains and the angle between the two search-coils can be determined, the offset values are found in vivo by fixating different vertical targets . Another possibilty is the use of three instead of two magnetic fields (Tweed et al., 1990) . After adjustment of the three field gains, in vivo calibration is not necessary as long as the offset values are zero and gains and offsets are not changed by in vivo measurement.
The present study introduces a new calibration method for a coil system with two magnetic fields. It is based on a minimization procedure for the offset and gain values using 500-1000 eye positions obtained during spontaneous eye movements preferably from a wide oculomotor range. The achieved accuracy is similar to that of other methods with an average error of 2-5% , maximal errors of <2 deg (Haslwanter et al., 1992) or 10% (Tweed et al., 1990) . Errors of oblique (tertiary) eye positions do not differ from those for horizontal or vertical (secondary) eye positions. It should be pointed out that measurement of the field directions and the offsets by a calibration cube is also useful for three instead of two magnetic fields. One advantage of the described method is that calibration does not depend on multiple fixation points and can therefore also be used in poorly cooperating subjects or patients and in untrained animals. However, additional fixation points can improve the accuracy (Table 1) by reducing maximal errors by up to 0.6 deg. As a routine, nine additional vertical and nine additional horizontal points are used. The additional fixation points must be distributed in both the horizontal and vertical dimensions, because (as we showed) having the points in just one line increases the error. The described calibration method is also not time consuming. The actual recordings including those from the calibration cube take < 5 min. The minimization, which is performed offline, takes at present < 10 min with our program, but can certainly be reduced.
Our results also underline the importance of offset consideration , which has not been explicitly discussed in some of the earlier studies (Tweed et al., 1990 (Table 2) . Furthermore, it is important to consider crosstalks and non-orthogonalities of the magnetic fields. If this is not done, a crosstalk between the horizontal and vertical signals up to 7% may appear. This could be shown by the introduction of a metal surface, which induced a non-orthogonality of up to 4 deg. Another advantage of the described method is that exact adjustment of gains, offsets and crosstalks of the demodulation device (here: Skalar 3020) is not a prerequisite for accurate calibration. These values are derived from the calibration and are taken into account for the measurement calculations.
Listing's law, primary position and ocular tilt
Based on the calibration in vivo measurements can be made to check the validity of the procedure. According to Listing's law ocular torsion depends linearly upon horizontal and vertical gaze direction. This could reliably be shown in the monkey (Fig. 2) and human experiments, the latter not being described here. Listing's plane corresponds to a primary gaze position (von Helmholtz, 1910) , which usually does not coincide with the gaze straight ahead (Ferman et al., 1987; van Opstal, 1993) . In our experimental setup with the head erect, the primary position was generally below the straight-ahead position with values up to 25 deg. Listing's plane is affected by different head positions in the x-(roll) and y-(pitch)axis (Haslwanter et al., 1992) . Static roll around the x-axis leads to a contraversive shift of 1-2 deg for head tilts of 15-20 deg (Fig. 3) corresponding to a tonic contraversive ocular torsion (ocular counter-roll). It has been shown that this torsion maximally does not exceed 5-6 deg in the monkey (Haslwanter et al., 1992) .
Conclusion
Present calibration methods Tweed et al., 1990) for monkeys including the one described here provide good accuracy for measuring torsional eye positions. In comparison to earlier studies the present method requires only two magnetic fields, and the angle tp between the two search-coils does not have to be known. This implies that standard commercial equipment (e.g. Skalar) can be used and precise manufacturing of miniature mechanical parts (cf. Hess et al., 1992) is not necessary. Further improvements of accuracy probably do not depend on better algorithms but on the restrictions imposed by the nonlinearities of the recording systems used. The fact that only one calibration point is necessary also makes the method very suitable for untrained animals and poorly cooperating subjects or patients. In the same way as C2m is calculated above, one can measure Clm if one chooses a coordinate system, in _ which the x-axis is perpendicular to the magnetic field vectors H~ and H2v.
There is a position in the oculomotor range, where c'l points straight ahead, which means After having computed these starting values, one can minimize the deviation of the measured angle by using the numerical procedure as described above. The minimization routine proves to be stable referring to errors in the starting values. Changing the gain values up to 20% or the offsets up to 18 deg leads to the same optimized parameters.
